Over the past couple of years highly diverse novel ssDNA viruses have been discovered. Here, we present the first ssDNA virus, Gastropod-associated circular ssDNA virus (GaCSV), recovered from a mollusc Amphibola crenata Martyn 1784, which is a deposit feeder that grazes microorganisms and organic detritus on the surface of tidal mudflats. The GaCSV (2351 nt) genome contains two large bidirectionally transcribed ORFs. The smaller ORF (874 nt) has similarities to viral replication-associated protein (Rep) sequences of some bacteria and circoviruses, whereas the larger ORF (955 nt) does not relate to any sequences in public databases and we presume it potentially encodes the capsid protein. Phylogenetic analysis shows that the GaCSV Rep clusters with Rep-like sequences of bacterial origin, highlighting the role of ssDNA viruses in horizontal gene transfer. The occurrence of previously unknown viruses in organisms associated with human pollution is a relatively unexplored field.
The extent of circular ssDNA virus diversity in ecosystems has been grossly underestimated. However, over the past 4 years, through various metagenomics and new molecular methods, a wealth of previously unknown ssDNA viruses have been discovered and subsequently characterized. In particular, the combination of next generation sequencing technologies, shotgun sequencing and sequence independent rolling circle amplification (RCA) have played a key role in novel ssDNA virus identification. Non-invasive faecal sampling of chimpanzees (Blinkova et al., 2010; Li et al., 2010) , pigs (Allan & Ellis, 2000; Li et al., 2010; Shan et al., 2011; Sikorski et al., 2013) , badgers, pine martens (van den Brand et al., 2012) , rodents (Phan et al., 2011) , dogs (Kapoor et al., 2012) and cows (Kim et al., 2012) have resulted in the identification of novel ssDNA viruses. Several research groups have extended their ssDNA virus metagenomic endeavours to environmental sampling including insects (Ng et al., 2011; Rosario et al., 2011 Rosario et al., , 2013 and single cells (Yoon et al., 2011) . In this communication, we describe a novel circular ssDNA virus recovered from the estuarine mollusc Amphibola crenata Martyn 1784 (family, Amphibolidae), a deposit feeder that grazes micro-organisms and organic detritus on the surface of tidal mudflats (Juniper, 1986) . Twenty A. crenata individuals were collected on a single occasion in 2012 from a hydrologically low-energy estuarine wetlands at the confluence between the Heathcote River (lat: 243.557778 u ; long: 172.705833 u ) and the Avon-Heathcote Estuary (Christchurch, New Zealand). Between September 2010 and July 2011 this estuary received sediment and IP: 54.70.40.11
On: Fri, 21 Dec 2018 16:26:50 sewage associated with .8000 earthquakes (http://www. geonet.org.nz/), which damaged sewage and stormwater infrastructure in the adjacent city of Christchurch. Any relationship between the occurrence of this virus and human faecal pollution is currently unknown. To our knowledge this is the first ssDNA virus to be recovered from the phylum Mollusca.
All 20 sampled A. crenata were de-shelled and homogenized in SM buffer (0.1 M NaCl, 50 mM Tris/HCl, pH 7.4, 10 mM MgSO 4 ) at a ratio of 10 ml buffer to 5 g tissue sample. The homogenate was centrifuged (10 000 r.p.m., Eppendorf 5424R, for 10 min) to pellet cellular debris. The supernatant was subsequently filtered through a 0.45 mm syringe filter (Sartorius Stedim Biotech) and the resulting filtrate was subjected to a second filtration using a 0.2 mm syringe filter (Sartorius Stedim Biotech). Viral DNA was then extracted from the filtrate using a High Pure Viral Nucleic Acid kit (Roche) and circular viral DNA was enriched non-specifically by RCA using the Illustra TempliPhi Amplification kit (GE Healthcare) as described previously (Dayaram et al., 2012; Haible et al., 2006; Inoue-Nagata et al., 2004; Rosario et al., 2011 Rosario et al., , 2012a Rosario et al., , 2013 Shepherd et al., 2008; Sikorski et al., 2013) . The concatenated RCA product was then digested with BamHI restriction enzyme that yielded~2.3 kb DNA fragments. The~2.3 kb fragments were gel purified and cloned into BamHI-restricted pUC19 plasmid (Fermentas) and sequenced by Macrogen Inc. (South Korea) using primer walking.
A preliminary review of the sequence using BLASTX and tBLASTx (Altschul et al., 1990) analysis of this~2.3 kb sequence indicated that it had sequence homology to viral replication-associated protein (Rep) of certain bacteria (Clostridium saccharolyticum WM1, GenBank accession no. ADL02824.1) and circoviruses (Beak and feather disease virus; BFDV) (Delwart & Li, 2012; Rosario et al., 2011 Rosario et al., , 2012a Varsani et al., 2011) . In order to confirm that we had obtained a complete genome of the novel ssDNA virus, back-to-back primers GNZ-F 59-CACCGCACCTACAG-GG-39; GNZ-R 59-TACCCTTCTTGCCCACTTC-39 (targeted in the Rep) were designed to amplify the full circular genome. The novel viral genome from the RCA-enriched material (1 ml) was used as a template for PCR amplification using primer pair GNZ-F/GNZ-R with Kapa HiFi Hotstart polymerase (Kapa Biosystems) with the following protocol: initial denaturation at 95 u C for 2 min followed by 25 cycles of 98 u C for 20 s, 50 u C for 30 s, 72 u C for 2 min, a final elongation at 72 u C for 5 min and a final renaturation at 4 u C for 10 min. The resulting~2.3 kb amplicon was gel purified and cloned into pJET1.2 (Fermentas) plasmid and sequenced at Macrogen Inc. (South Korea) by primer walking. The resulting sequence contigs were then assembled using DNAMAN (version 5.2.9; Lynnon Biosoft).
In order to address the issue whether the virus was a mere pathogen of the microbes in the gut of A. crenata or truly present in the tissue, we sampled an additional 15 individuals. These were de-shelled, washed in sterile water and their tissue (~25 mm 2 ) and gut sterilely dissected. The tissue and guts from the 15 individuals were grouped separately and processed using the High Pure Viral Nucleic Acid kit (Roche) coupled with RCA to enrich the circular viral DNA. The enriched DNA was used as a template for PCR amplification described above. Both the tissue and gut samples were found to be positive, however, we noted a higher amount of amplification products in the gut sample.
The assembled complete genome of the ssDNA virus was found to be 2351 nt, exactly the same as that obtained by the BamHI restriction of the RCA product. The novel ssDNA viral genome has two large ORFs and two smaller ORFs, two in the virion sense and two in the complementary sense (Fig. 1) . The two large ORFs that potentially are bidirectionally transcribed, similar to the genome organization observed in circoviruses, cycloviruses and novel circular Rep-encoding ssDNA viruses (CRESS-DNA viruses) (Delwart & Li, 2012; Rosario et al., 2011 Rosario et al., , 2012a Varsani et al., 2011) . Two intergenic regions were also identified; a long intergenic region (LIR) at 461 nt and a short intergenic region at 61 nt in length ( Fig. 1) . Within the LIR we identified the conserved nonanucleotide motifs CAGTATTAC in the stem-loops element (Fig. 1) .
A BLASTX (Altschul et al., 1990) analysis of the full genome indicates that the viral isolate was most closely related to the Reps found in certain bacteria ( Fig. 1 
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Journal of General Virology 94 highly conserved . As a result conserved RCR and superfamily 3 (SF3) helicase motifs are found in all Reps. Within the Rep of GaCSV (Table 1) we identified the three RCR conserved motifs (I: CLTLNN; II: HLQGFV; III: YIGLLNEG) and the three conserved SF3 helicase motifis (Walker-A: GPTGTGKT; Walker-B: VFEEF; Motif-C: ILSN) reviewed by Rosario et al. (2012b) . We also identified most of these conserved motifs in the Rep-like sequences of bacterial origin (Table 1) . A pairwise comparison of the Rep-like proteins from the various bacterial species identified via BLASTP analysis is presented in Fig. 1 . The comparison shows that GaCSV shares between 28.3 and 39.9 % pairwise identity with the Rep-like sequences of bacterial origin and 30 % with BFDV (GenBank accession no. AF071878).
A maximum phylogenetic tree was constructed using PHYML (version 3) (Guindon et al., 2010) with approximate likelihood-ratio test (aLRT) branch support (Anisimova & Gascuel, 2006) and LG model of the MUSCLE (Edgar, 2004) aligned Rep amino acid sequences found in bacteria, GaCSV and CRESS-DNA viruses. Branches with less than 60 % aLRT support were collapsed using Mesquite (version 2.75). The ML phylogenetic analysis supports the BLASTP analysis; the Rep of GaCSV clusters with all the Rep-like sequences found in the bacterial species outlined in Fig. 1 .
Recently, our research group identified a suite of novel ssDNA viruses (Dayaram et al., 2012; Martin et al., 2011; Rosario et al., 2012a) that share similarities to Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1 (Yu et al., 2010) and Rep-like sequences in phytoplasma plasmids, fungi and tubers (Gibbs et al., 2006; Krupovic et al., 2009; Martin et al., 2011; Oshima et al., 2001) . Liu et al. (2011) recently reported on their discovery of frequent transfer of Rep-like sequences of geminiviruses, nanoviruses and circoviruses to a broad range of eukaryotic species including animals, plants, fungi and protists, complementing the earlier findings of Gibbs et al. (2006) . In fact Gibbs et al. (2006) Liu et al. (2011) to propose that eukaryotic transposons could have been derived from ssDNA viruses.
As early as 1969 there has been documentation of viruses detected (none of them ssDNA viruses) in and possibly infecting molluscus globally (Farley, 1969) . To date, the majority have been detected in bivalve molluscs, which are filter feeders, and are likely to bioconcentrate viruses in their environments. It is not surprising that a large proportion of bivalve mollusc virology (such as in oysters, clams, mussels and scallops) has predominantly focused on bioconcentrated and bioaccumulated human-infecting viruses and viruses that have been detrimental to aquaculture of bivalves used in the food industry. Further, the lack of mollusc cell lines has also played a significant role in characterizing viruses infecting molluscs. The viruses so far characterized from molluscs include members of the families Birnaviridae, Malacoherpesviridae, Papovariridae, Picornaviridae, Reoviridae and Togaviridae (Cheng et al., 2005; Comps, 1980 Comps, , 1988 Cutrin et al., 2000; Elston, 1997; Elston & Wilkinson, 1985; Farley, 1976; Farley et al., 1972; Meyers et al., 2009; Morley, 2010; Munn, 2006; Oprandy et al., 1981; Renault & Novoa, 2004; Romalde et al., 2002; Savin et al., 2010) .
We are not aware of any previous reporting of ssDNA viruses in molluscs. However, Jones et al. (1996) isolated non-enveloped~25 nm virus-like particles from Perna Canaliculus (New Zealand green-lipped mussel) spat and Mytilus galloprovincialis (Mediterranean mussel) from the Marlborough Sounds of New Zealand. They also observed some larger enveloped particles in their caesium chloride purifications with few viral particles. Nonetheless, in their study the high mortality (50-100 %, January-April 1994) of P. canaliculus was attributed to the~25 nm viral particles. Most of the well-studied ssDNA viruses (i.e. circoviruses) with genome architectures similar to GaCSV are~20 nm in diameter therefore the virus particles purified by Jones et al. (1996) could potentially have been ssDNA viruses. At this point in time we are unable to verify whether GaCSV is able to infect and cause disease in Amphibola crenata Martyn 1784.
In summary, we have reported the first case of a ssDNA virus (GaCSV) recovered from molluscs (A. crenata) in an estuarine environment. A. crenata are abundant in estuaries of New Zealand, including the Avon-Heathcote estuary. The occurrence of this virus in this species in an environment that has been subjected to large-scale human pollution may or may not be a coincidence and warrants further investigation. Similarly, we are currently unsure if this virus occurs in other marine organisms in this estuary.
Phylogenetic analysis of the Rep sequence shows that GaCSV clusters with all the Rep-like sequences found in some bacterial species and plasmids, strongly suggesting an ancestral transfer of Rep-like sequences from ssDNA viral genomes into bacteria, and probably eukaryotes. Therefore, the role of ssDNA virions and their ubiquity needs to be further researched to understand their ecological significance. Furthermore, it is possible that GaCSV-like virions might have been responsible for high mortality amongst at least one species of mollusc in New Zealand.
